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Abstract

In filamentous fungi, the repertoire of promoters available for exogenous gene expression is limited. Here, we report the devel-

opment and application of the thiamine-regulatable thiA promoter (PthiA) in Aspergillus oryzae as a tool for molecular biological

studies. When PthiA was used to express the enhanced green fluorescent protein (EGFP) reporter, the fluorescence in the mycelia

was either repressed or induced in the presence or absence of thiamine in the culture media, respectively. In addition, the expression

level from the thiA promoter can be controlled by the concentration of external thiamine. Thiamine content in the media did not

affect mycelial morphology, making the thiA promoter more useful compared with alcA and amyB promoters that depend on carbon

source for regulation. Moreover, as the A. oryzae thiA promoter was also regulated by thiamine in A. nidulans, this promoter can be

further applied as an inducible promoter in other Aspergilli.

� 2005 Published by Elsevier B.V. on behalf of the Federation of European Microbiological Societies.
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1. Introduction

With the completion of the genome-sequencing pro-

ject of various fungal species including Aspergilli, the

cellular function of each gene product will be more
extensively studied. For this purpose, the development

of molecular biological techniques and tools such as

promoters for exogenous gene expression for reverse-ge-

netic approaches are, and will be, extremely important.

In particular, the use of inducible promoters enables

us to investigate the effects of the target gene expression

directly. In addition, if the basal expression level is

strictly regulated, these promoters are also suitable for
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expression of toxic proteins and for the generation of

conditional expression mutants of genes that are essen-

tial for cell viability. In Aspergilli, the most frequently

used inducible promoters are the alcA promoter of A.

nidulans (reviewed in [1]) and the amyB promoter of A.
oryzae [2]. These promoters, however, have common

disadvantages in that their expression is regulated by

the carbon source in the medium. Morphologies of fila-

mentous fungi, such as the density of hyphae and the

conidiation rate, can easily change in response to nutri-

ents, especially to carbon and nitrogen sources (e.g., A.

nidulans develops more aerial hyphae in ethanol medium

than in glucose medium [3]). This indicates that switch-
ing the contents of the growth medium to regulate these

promoters can cause potentially unpredictable and

undesirable changes in cellular physiology. Thus, the

use of an inducible promoter that is not dependent on
ation of European Microbiological Societies.
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carbon or nitrogen sources and has minimal effect on

physiological conditions would be beneficial for gene

expression studies. One such candidate is the promoter

of A. oryzae thiA that encodes an enzyme involved in

thiamine biosynthesis and is regulated by thiamine

transcriptionally [4]. Recently, Kubodera et al. [5] re-
ported that the expression of thiA was also regulated

post-transcriptionally; the splicing of introns present in

the 5 0-untranslated region (UTR) of thiA and subse-

quent translation were blocked in the presence of thia-

mine. In this work, we explored the application of the

thiA promoter as a tool for regulated gene expression

in A. oryzae.
2. Materials and methods

2.1. A. oryzae strains and plasmids

Primers PthiA 5 0–SmaI (5 0-CCCGGGTTCGGTAA-

ATACACTATCACA-3 0, Sma I site is underlined) and

PthiA 3 0–XhoI (5 0-CTCGAGGTTTCAAGTTGCAAT-
GACTAT-3 0, Xho I site is underlined) were used for the

cloning of the 1.3 kb thiA promoter region (PthiA).

Three plasmids for the expression of egfp were con-

structed. pBNT-GFP carried 1.3 kb PthiA followed by

0.7 kb egfp, 0.3 kb nos3 0 terminator, 0.2 kb amyB termi-

nator, and 5.1 kb niaD. This plasmid was transformed

into A. oryzae niaD300 (niaD�) using the standard A.

oryzae transformation method [6], generating TPG1
and TPG4 strains. pUNAE that carried 0.6 kb amyB

promoter followed by 0.7 kb egfp, 0.2 kb amyB termina-

tor, and 5.1 kb niaD was constructed in this laboratory

and transformed into niaD300 strain, generating NaE1

and NaE2 strains. Southern analysis of TPG1, TPG4,

NaE1, and NaE2 demonstrated that a single copy of

the plasmid was inserted homologously at the niaD lo-

cus in all four strains (data not shown). A. oryzae

niaD300 or RIB40, the parent strain of niaD300, were

used as controls. pBATG carrying 1.3 kb PthiA fol-

lowed by 0.7 kb egfp, 0.3 kb nos3 0 terminator, 0.2 kb

amyB terminator, and 2.2 kb A. nidulans argB was intro-

duced to A. nidulans A89 (biA1, argB2) strain, yielding

ATG3 and ATG4 strains.

2.2. Culture conditions

Czapek-Dox medium (CD; 0.3% NaNO3, 0.2% KCl,

0.1% KH2PO4, 0.05% MgSO4 Æ 7H2O, 0.002% FeSO4 Æ
7H2O, 2% carbon source, pH 5.5) was used for the

microscopic observations. As a carbon source, glucose

was used, unless indicated otherwise. M medium (0.2%

NH4Cl, 0.1% (NH4)2SO4, 0.05% KCl, 0.05% NaCl,

0.1% KH2PO4, 0.05% MgSO4 Æ 7H2O, 0.002% FeS-
O4 Æ 7H2O, 2% glucose, pH 5.5) was used for the mea-

surement of EGFP fluorescence and RT-PCR analysis.
Minimal medium for A. nidulans (MM) [7] containing

0.02 lg/ml d-biotin (Sigma Chemical Co., St. Louis,

MO) was used for transformation and cultivation of

A. nidulans. Thiamine hydrochloride (Sigma) was added

to the media at the indicated concentrations when

necessary.

2.3. Microscopic observations

Approximately 103 conidia, collected from a myce-

lium that was grown on CD agar plate containing

10 lM thiamine, were inoculated in 100 ll CD liquid

medium containing 0, 0.3 or 10 lM thiamine on cover

slips. Cells were grown at 30 �C for 20 h, and micro-
scopic observation of the cover slip cultures was per-

formed using Olympus System Microscopic Model

BX52 (Olympus, Tokyo, Japan). Microscopic observa-

tion of A. nidulans ATG strains was performed simi-

larly, with the exception of the cultivation medium,

which was MM containing 0.02 lg/ml d-biotin.

2.4. Measurement of EGFP fluorescence of mycelia with

microplate reader

Approximately 106 conidia of either TPG1, TPG4 or

RIB40 were inoculated in 200 ll M medium containing

0, 1.0, 10, 100 nM or 1.0, 10, 100 lM thiamine in each

well of 96-well microplate. The microplate was incu-

bated at 30 �C with shaking, and fluorescence was mea-

sured every 2 h for 20 h using a spectrofluorometer
(FP-6500, JASCO Co., Tokyo, Japan). The excitation

and emission wavelengths were set at 488 and

510 nm, respectively.

2.5. RT-PCR analysis

Total RNA of TPG1 was extracted using Isogen (Nip-

pon Gene, Toyama, Japan) from cultures grown for 22 h
in M medium, M medium containing 10 nM or 10 lM
thiamine. Total RNA of NaE1 was extracted from cul-

tures grown for 22 h in CD medium supplemented with

1% polypeptone and 2% glycerol, glucose or dextrin as

the carbon source. mRNA was purified from total

RNA using Oligotex�-dT30 <super> mRNA Purifica-

tion Kit (TaKaRa Shuzo, Kyoto, Japan) and subjected

to reverse transcription reaction by Expand Reverse
Transcriptase (Roche Diagnostics GmbH, Penzberg,

Germany). Quantitative PCR was performed using

LightCycler FastStart DNA Master SYBR Green I

(Roche) with the Light Cycler Quick System 330

(Roche). The PCRmix was subjected to the following re-

action: polymerase activation at 95 �C for 60 s, and 45

cycles of PCR with denaturation at 95 �C for 15 s,

annealing at 52 �C for 5 s, extension at 72 �C for 50 s,
and an optical read step at 84 �C, in which only specific

PCR products were detected, for 1 s. The following
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7 primers were used for RT-PCR analysis (Fig. 3(A)):

PthiA-N5 0 (5 0-AACCAACCGACAATTCATTGC-3 0)

was constructed based on the sequence in 5 0-UTR in

PthiA that was generated by splicing and used to amplify

the spliced form of egfp cDNA (Fig. 3(A), a). PthiA-S5 0

(5 0-AAATACACTCCTCGATTAGCC-3 0) was designed
based on the sequence in the second intron of 5 0-UTR in

PthiA and used to amplify non-spliced form of egfp

cDNA (Fig. 3(A), b). The primer egfp-M3 0 (5 0-

TGTAGTTGTACTCCAGCTTGT-3 0) was used to pair

with the above 2 primers to amplify the egfp cDNA (Fig.

3(A), c). The full-length of egfp cDNA was amplified

with EGFP 5 0-EcoRI (5 0-ATCGAATTCGAT-

CCCATGGTGAG-3 0) and EGFP 3 0-EcoRI (5 0-TCGA-
ATTCGTACAGCTCGTCCAT-3 0) primers (the EcoRI

sites are underlined) (Fig. 3(A), d and e, respectively).

c-actin was amplified with actin-5 0 (5 0-GTTGC-

TGCTCTCGTCATTGAC-3 0) and actin-3 0 (5 0-GTAA-

TCGGTCAAATCACGGCC-3 0) primers and used as

an internal control for normalization of RT-PCR data.
Fig. 1. Expression of egfp reporter gene under the control of PthiA. (a)

To check the phenotypes of TPG, the strain expressing egfp under the

control of the cloned PthiA, niaD300 (control) and TPG1 were

inoculated on M medium plate and grown at 30 �C for 5 days. Left

panel: CD medium; Right panel: CD medium containing 10 lM
thiamine. (b) Conidia of TPG1 were inoculated in CD liquid medium

containing the indicated concentrations of thiamine and incubated for

20 h. Left panels: DIC images: right panels: EGFP fluorescence. Scale

bar, 10 lm.
3. Results

3.1. TPG strains display thiamine-dependent egfp
expression

Although transcriptional cis-elements often exist

within 1 kb upstream from the initiation codon in fila-

mentous fungi [8], thiA gene has been reported to have
a long 5 0-UTR (ca. 500 nucleotides in length) [5]. We

therefore cloned a relatively long (1.3 kb) putative up-

stream regulatory region and used it as the thiA pro-

moter (PthiA) in this study. To check if this sequence

is sufficient for thiamine-regulated, conditional expres-

sion of the downstream gene, we constructed A. oryzae

strains, TPG1 and TPG4, which harbor the plasmid car-

rying PthiA followed by the egfp reporter gene. TPG
strains displayed no distinguishable differences in mor-

phology compared with the control strain, niaD300, nei-

ther in the presence nor absence of thiamine, suggesting

that expression of egfp did not impair the integrity of the

mycelia (Fig. 1(a)).

To study the stringency of PthiA regulation by thia-

mine, we next observed the EGFP fluorescence in hy-

phae of TPG strains grown in CD with or without
thiamine. As shown in Fig. 1(b), EGFP fluorescence

was seen in the cytoplasm in the absence of thiamine.

In contrast, in the presence of more than 0.3 lM thia-

mine, fluorescence in TPG strains remained only at

background level, suggesting an almost complete repres-

sion of PthiA by thiamine. Northern blot analysis in

TPG strains for egfp expression also demonstrated sim-

ilar thiamine-dependent regulation of PthiA (data not
shown), consistent with the results reported by Kubo-

dera et al. [4,5].
Furthermore, the addition of thiamine into the med-

ium did not cause changes in growth rate, mycelial or

hyphal morphologies both in the control and TPG

strains (Fig. 1 and data not shown). From these results,

we concluded that the presence of thiamine does not sig-

nificantly affect cellular activities except in the thiamine
biosynthesis. Thus, PthiA is more favorable for exoge-

nous gene expression than alcA and amyB promoters

in that the gene regulation can be achieved without

changing the fungal morphology.

3.2. Extracellular thiamine concentration affected EGFP

fluorescence intensity in TPG strains

Since expression from exogenous promoters some-

times causes overexpression of the gene of interest

and subsequently displays artifactual results, promoters

whose expression level can be controlled are desirable.

For this reason, we next measured fluorescence inten-

sity of TPG strains in the presence of varying concen-

trations of thiamine using the microplate reader to

investigate the correlation between extracellular thia-
mine concentration and the expression level of egfp dri-

ven by PthiA (Fig. 2). In the presence of more than

100 nM thiamine, relative fluorescence remained at
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Fig. 2. Intensity of EGFP fluorescence in the mycelia grown at varying

thiamine concentrations. 106 conidia of either TPG1 or RIB40

(negative control) were inoculated in 200 ll M medium containing 0,

1.0, 10, 100 nM or 1.0, 10, 100 lM (data not shown) thiamine in a well

of a 96-well microplate. The microplate was incubated at 30 �C with

constant shaking and EGFP fluorescence was measured every 2 h for

20 h. Error bars indicate standard deviations of 12 samples.
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Fig. 3. RT-PCR analysis of egfp expression under the control of PthiA

or amyB promoter. (A) Schematic illustration of the egfp expression

system in TPG and NaE strains. Introns in 5 0-UTR in PthiA are

indicated as gray boxes. Arrows represent primers used for RT-PCR:

a, PthiA-N5 0; b, PthiA-S5 0; c, egfp-M3 0; d, EGFP 5 0-EcoRI; e, EGFP

3 0-EcoRI (see Section 2.5). A putative transcription start site in PthiA

[5] is indicated by an arrowhead. (B) Relative expression of egfp

normalized by c-actin is shown. Lanes 1, 4, 7: M medium; lanes 2, 5, 8:

M medium containing 10 nM thiamine; lanes 3, 6, 9: M medium

containing 10 lM thiamine; lane 10: CD with glycerol + 1% polypep-

tone; lane 11: CD with glucose + 1% polypeptone; lane 12: CD with

dextrin + 1% polypeptone. The graph shows the averages ± SD of two

independent experiments.
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basal level in TPG1, suggesting that egfp expression

was repressed in these conditions. In contrast, in the

absence or presence of less than 1 nM thiamine, EGFP

fluorescence was detected from 12 h after the inocula-

tion and increased significantly over time. When
10 nM thiamine was present in the medium, the emer-

gence of EGFP fluorescence was delayed by 2 h com-

pared to the thiamine-deficient conditions, and the

fluorescence remained at the intermediate level, sug-

gesting that PthiA expression was mildly induced in

this condition. Similar results were obtained with

TPG4. These results indicate that the expression level

of the gene downstream of PthiA can be controlled
by the concentration of thiamine in the medium.

3.3. Post-transcriptional regulation of egfp driven by

PthiA was affected by thiamine concentration

To further investigate the expression level of egfp dri-

ven by PthiA, quantitative RT-PCR analysis was per-

formed on RNA samples collected from a 22 h culture
of TPG1. Simultaneously, RT-PCR was carried out on

RNA samples of NaE1, a strain that expresses egfp un-

der the control of amyB promoter, to compare the

expression level from PthiA to that from the amyB pro-

moter. To independently detect the 5 0 UTR-spliced

mRNA that is subjected to subsequent translation,

and the 5 0-UTR non-spliced mRNA that is not trans-

lated [5], two primer pairs were constructed (Fig. 3(A)
a and c, b and c, respectively).

egfp expression by the amyB promoter in NaE1 was

the highest when dextrin was added into the medium

as carbon source (Fig. 3(B), lane 12). In the presence

of glucose, egfp expression was at intermediate level
(Fig. 3(B), lane 11), whereas glycerol almost com-
pletely repressed the expression (Fig. 3(B), lane 10).

These results were consistent with previously reported

results of the GUS reporter assay [2]. The expression

of total egfp transcript in TPG1 in the absence of thi-

amine (Fig. 3(B), lane 7) was similar to that in NaE1

in the presence of glucose. In the presence of 10 lM
thiamine, total egfp mRNA (Fig. 3(B), lane 9) was

slightly lower although the difference was not signifi-
cant. The amount of spliced mRNA that can be trans-

lated in thiamine-free condition was significantly

higher compared to the amount in the presence of

10 lM thiamine (Fig. 3(B), lanes 1 and 3). In the pres-

ence of 10 nM thiamine (Fig. 3(B), lane 2), spliced egfp

mRNA was found at the intermediate level when com-

pared with other conditions, further confirming the

idea that the expression of egfp driven by PthiA is
moderate in this condition.



Fig. 4. Thiamine-dependent regulation of A. oryzae PthiA in A.

nidulans. Conidia of ATG3 were inoculated in MM liquid medium

containing 0.02 lg/ml d-biotin without or with 10 lM thiamine and

incubated for 20 h at 30 �C. Left panels: DIC images: right panels:

EGFP fluorescence. Scale bar, 10 lm.
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3.4. Thiamine-dependent regulation of A. oryzae PthiA in

A. nidulans

We next investigated if A. oryzae PthiA can be also

used in A. nidulans as an inducible promoter. A. nidulans

ATG strains that expressed egfp under the control of A.

oryzae PthiA were generated and observed with fluores-

cence microscopy. As shown in Fig. 4, upon addition of

thiamine, the EGFP fluorescence was no longer ob-
served, results similar to those in TPG. These results

indicate that A. oryzae PthiA was properly regulated

by thiamine in A. nidulans, as it was in A. oryzae. There-

fore, A. oryzae PthiA can be also applied as a tool for

gene expression studies in A. nidulans.
4. Discussion

The group of filamentous fungi contain many ecolog-

ically important species in view of protein production,

nutrient recycling and associations with other organisms

such as human and plants [9]. In spite of their signifi-

cance, molecular biological studies on filamentous fungi

have been limited, partly because of the lack of adequate

experimental tools and methods. Especially, to express
homologous and heterologous genes by inducible pro-

moters in Aspergillus species, carbon source-dependent

alcA and amyB promoters have been mainly available.

However, when these promoters are used for gene

expression, the carbon source also affects the general

morphology of mycelia while regulating the target gene

expression. Here, we explored the application of the thiA

promoter as a molecular biological tool in A. oryzae.
The use of the thiA promoter is more favorable than

that of alcA and amyB promoters in that the regulation

of the target gene can be achieved without changing the

major nutrients in medium, therefore, the effect on hy-

phal morphology discussed above can be ignored. This

advantage is extremely important when the morpholog-

ies between the induced and repressed conditions of gene

are compared directly.
The expression from the thiA promoter is regulated

both transcriptionally and post-transcriptionally [4,5].

From our RT-PCR analysis, however, although we

found the obvious post-transcriptional regulation of

the transcript driven by thiA promoter, the transcrip-

tional regulation was less clear. We presume that this
was due to the length of the thiA promoter used

(0.7 kb in [5] and 1.3 kb in our study). In addition, we

found some nucleotide polymorphisms in thiA promoter

between our sequence and the database sequence, and

these polymorphisms could have affected the transcrip-

tional control of the thiA promoter that we used. Never-

theless, as shown by microscopic observation, the

microplate assay and RT-PCR analysis of spliced tran-
scripts, the expression level of egfp controlled by the

thiA promoter can be virtually completely repressed in

the presence of more than 100 nM thiamine. These fea-

tures make the thiA promoter useful for expression of

toxic proteins, gene analysis and generation of condi-

tional expression mutants. Using this system, we suc-

ceeded in obtaining a conditional expression mutant of

a vacuolar syntaxin homologue in A. oryzae [Shoji
et al., unpublished results]. Moreover, as confirmed by

both the microplate assay and RT-PCR, the expression

of the gene downstream of the thiA promoter can be

maintained at the moderate level in the presence of

10 nM thiamine. Therefore, the thiA promoter can be

further applied for the expression of genes whose over-

expression causes growth defects. We have also noticed,

however, a limitation in the application of thiA pro-
moter: thiA promoter failed to be regulated properly

in alkaline pH condition. Even in the presence of

10 lM thiamine, EGFP fluorescence was detected in

TPG strains at pH 7 (data not shown). One possible

explanation for this is that since thiamine is a weak base,

loss of electronic charge at alkaline pH may perturb up-

take of thiamine via a transporter. This limitation re-

mains to be solved in future works.
Our findings indicate the great potential of the A. ory-

zae thiA promoter as a molecular biological tool in A.

oryzae. We also found that the thiA promoter displayed

the thiamine-dependent regulation in A. nidulans. Thus,

it is likely that the thiA promoter can be also applied for

gene expression studies in other Aspergilli such as A.

nidulans, A. fumigatus, etc. The genome-sequencing pro-

jects of these filamentous fungi have almost been com-
pleted, which will facilitate us in investigating each

organism by reverse-genetic approaches. For these stud-

ies, an efficient inducible promoter is always useful be-

cause the conditional expression techniques of various

homologous and heterologous genes, such as the fusion

genes with reporter genes, mutated genes and double

strand RNA for RNA silencing, should be routinely

performed. Molecular biological researches always
require adequate experimental tools and methods. We

expect that the use of the thiA promoter will contribute
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to the progress in understanding the cellular biology of

A. oryzae and other filamentous fungi.
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